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OPEN FIRES AND TRANSPORT OF FIREBRANDS 
FIRST ANNUAL REPORT 
S U M M A R Y 
The research program comprises two different problems: 
open fires and transport of firebrands, which will be treated 
separately: 
Open Fires 
The investigation on open fires has. boon directed towards 
the study of the basic laws governing the process, which relate 
the physico-chemical properties of the fuel with the observable 
characteristics of a fire, such as flame temperature, flame 
size, convection column, radiant energy, etc* 
A fire is a very complex process. Its study is being 
conducted by carrying out a series of measurements in a research 
facility and by studying theoretically some partial processes 
which are part of the over-all process, 
A research facility has been prepared in a tower of a 
test stand for aircraft engines whioh has been conditioned to 
that purpose. The research facility comprises several 
cylindrical open vessels (burners) of different diameters, for 
studying the fires produced by several types of fuels* The 
fuel is kept at a constant level in the burners and the fael 
consumption is measured by means of a constant-pressure 
volumetric system. Thermocouples and pressure probes are plaoed 
in and around the fire to measure temperatures, and velocities 
of the gases. 
Burning rates, flame temperatures, flame sizes, fuel 
temperatures, gas velocities, eto, are being measured for 
gasoline, kerosene and for dioxane-water mixtures. The dioxane 
is a fuel which mixes with water in all proportions and it has 
a similar boiling temperature than that of the water* There-
fore, dioxane-water mixtures keep a constant composition during 
combustion and by varying the amount of water of the mixture it 
is possible to change in a continuous form the properties of 
the fire* 
Some theoretical problems in connection with open fires 
are also being studied, such as motion and mixing of a hot gas 
stream with air and diffusion flames considering body forces* 
All experimental and theoretical studies are progres-
sing satisfactorily and several results are given in the paper. 
Transport of Firebrands 
The research work on transport of firebrands is 
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well'advanced • The experimental work consists in the attainment 
of lifetimes and laws of variation of weight and aerodynamic 
drag of burning particles as functions of time* The theoretical 
work consists in the calculation of the flight paths of fire-
brands under given wind conditions (horizontal and vertical) 
utilizing the abovementioned experimental data. 
Two research facilities have been designed and constructed, 
A small aspiration wind tunnel is presently being used for 
measuring lifetimes, weights and aerodynamic drags of firebrands 
at different air speeds. At present, a balance (scale) is being 
used for such measurements, but a two component strain-gauges, 
balance and a recording system will be shortly installed. 
A rotary arms research facility has also being constructed 
and it will be soon utilized for large firebrands. 
The theoretical treatment of the problem has been 
already solved, and the differential equations of the process 
have been integrated through an approximated method. 
Parameters of the process ares firebrand initial shape, 
firebrand siae, kind of wood and moisture content. The 
investigation has been initiated with spherical firebrands, 
which corresponds to an extreme case (poor flight conditions but 
long lifetimes) and with pine tree wood (pinus pinaster) for 
several diameters and for different moisture contents. Flight . 
paths, maximum horizontal distance reaohed by a firebrand, 
maximum heights, etc. have already been obtained and several 
data are given in the paper. It may be pointed out that all 
fundamental work on the firebrand problem has. already been done, 
although a very large amount of work remain to bo done due to 
the very large number of parameters of the process, specially 
firebrand shapes, kind of wood and wind conditions. 
1. INTRODUCTION 
The research program comprises two very different 
problemss Open Sires and Transport of Firebrands. The first 
problem is very complex, specially because the investigation has 
been directed towards- the attainment of the fundamental laws 
governing the process* Transport of firebrands, consisting in 
the study of lifetimes and flight paths of burning particles, is 
a problem of simpler nature. 
The research work was planned in different form for the 
two problems. Owing to the complex nature of the process of an 
open fire, which is the resultant of several other partial proces 
ses of different nature, it is necessary to perform several 
studies on such partial processes before attempting the study of 
the over-all process* 
The research work corresponding to that part of the 
program was devoted to such studies, as well as to the design of 
suitable research facilities* All these works are progressing 
satisfactorily and the research facilities have already been 
constructed* 
The research work on transport of firebrands is v/ell 
advanced. The experimental work on this problem consists in the 
attainment of lifetimes and laws of variation of weight and 
aerodynamic drag of burning particles as functions of time* 
Parameters of the process are firebrand initial shape, kind of 
wood,moisture content and wind speed. The theoretical work 
consists in the calculation of the flight paths of firebrands, 
under given wind conditions (horizontal and vertical),using the 
abovementioned experimental data. 
All the fundamental work on transport of firebrands has 
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already been done. The research facilities have been designed 
and constructed and the theory of the problem is well established. 
Hlght paths and lifetimes of several types of firebrands have 
already been determined. 
I - INVESTIGATION OF OPEN PIRES 
2. RESEARCH PROGRAM 
The research program on open fires consists in the 
study of axi-symmetrical fires produced by burning liquid fuels 
contained in cylindrical vessels (burners) in the open atmos-
phere . 
The fundamental objective of the investigation is the 
attainment of the laws relating the physico-chemical properties 
of the fuel with the characteristics of the fire, such as 
burning rate, temperature, si&e and emissivity of the flame, 
flow field around the fire and characteristics of the convection 
column. 
The study of the several processes which compose an 
is 
open fire presently being performed, Therefore, only some 
partial results will be given in the paper. The explanations 
will be directed mainly to the analysis of the problems and to 
the form in which they are being studied• 
The complex process of an open fire of this kind may be 
described as follows (Fig.l)s 
The fuel is warmed up and partially vaporised by the 
heat transmitted from the flame. Puel vapors are carried into 
the flame by means of diffusion and conveotion, and the air is 
drawn into and along tho flame duo to free convection. Part of 
its oxygen diffuses into the flame and reacts there, and tho hot 
combustion products and air in excess move upwards forming the 
convection column* 
If the flame is large enough,the process is turbulent and 
diffusion is primarily of a macroscopic type* Thermal energy of 
the fuel is consumed in three main ways? radiant hoat transfer 
from the flame to its surroundings, production of a hot column 
of convection gases moving at a certain speed, and heat 
transferred from the flame to the fuel* This last heat transfer 
is used in warming up and in vaporizing the fuel, balancing 
finally the process. 
Tho over-all process of a fire cannot be studied 
theoreticaly duo to its complexity, and lack of knowledge on 
some of thoir partial processes, as fluid motion with body forces, 
or turbulent flames, of which only rudimentary solutions exist. 
Therefore, a large part of the research work will have to be 
conduc ted experimentally • 
The main independent variables of the process are: burner 
diameter and fuel properties, specially tho heat of combustion 
and tho latent heat of evaporation. 
On tho other hand, the principal dependent -variables to 
be determined are: 
Hame temperature 
Plane emissivity 
Jlane size 
Combustion ef f ic iency 
Burning r a t e 
Heat balance 
Veloci ty and temperature of the 
convection column. 
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fflamo temperature 
In open f i r e s the flames are of the diffusion type* 
Therefore, maximum l o c a l va lues of the flame, temperature should 
be close to tixo a d i a b a t i c combustion tempera ture . There are 
some data on the values, of flame temperatures i n open f i r e s '
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which are considerably smal ler than those corresponding to the 
ad i aba t i c combustion temperature* These experimental data were 
obtained by means of o p t i c a l measurements, which give moan 
values through the flame th ickness , vdaero temperature changes 
sharply i n these types of flames* Furthermore, turbulence^ may 
inf luence such mean va lues , because i t inf luences the process 
and because i t a lso in t roduces an average time value of the 
temperature . 
These moan va lues are the i n t e r e s t i n g ones, r a t h e r than 
tho peak va lues , because thermal r a d i a t i o n depends on them. 
However, i t i s important to know the r e l a t i o n s h i p ex i s t i ng 
between them. 
There i s no information on tho poss ib le dependency of 
flame temperature with f i r e s i z e , and t h i s i s one of tho subjects 
which w i l l be i n v e s t i g a t e d . An o p t i c a l equipment w i l l be 
acquired for measuring flame temperatures by means of the 
reversa l n&ifehod and by using two colors pyrometry* In the mean-
time, thermocouples are being used. 
Flame emiss iv i ty 
Flame emiss iv i ty depends, e s s o n t i a l l y , on the exis tence 
of soot p a r t i c l e s and, the re fore , it cannot b$^&Bily c a l c u l a t -
ed. Emiss iv i t i es w i l l bo measured by means of two colors 
pyrometry and with t o t a l r a d i a t i o n thermopiles , which have been 
a l ready ordered. 
_ 5 - • 
Flame size 
A theoretical model for the calculation of tho length of 
a turbulent flano with free convection does not appear feasible. 
Piano lengths will thon bo determined experlnentally by means of 
photographs* ©ieir laws of variation as function of burner size 
and as function of fuel characteristics are presently being 
obtained for gasoline, kerosene and for several dioxane^water 
mixtures* 
Combustion efficiency 
Combustion efficiency accounts for the unburnt fuel and 
combustible products (CO) which exist in the stack gases» It 
nay be measured by the heat of combustion of the stack gases as 
compared with the heat of reaction of the fuel* 
Analysis of stack gases has been postponed until a 
chromatography equipment, recently acquired by the Institute, 
be ready for the analysis. 
Burning rates 
Burning rates (grams of fuol consumed per unit tine) are 
being measured for gasoline, kerosene and dioxane-water mixtures 
with the research facilities described in paragraph 3» 
Burning rates may be calculated as well as their laws of 
variation with burner sizes and fuel properties once the flame 
characteristics are known (average temperature, emissivity and 
size). Por large flames almost all heat is transferred from 
the flame to the fuel through radiation, which can be calculated 
from the abovementioned data. 
By taking a conical shape for the flames, the geometri-
cal factor of radiant heat exchange flamo^burner is presently 
being calculated as a function of flame length* Once thia 
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geometrical factor is knownf from the values of flame emiasivity 
and flame tamperature, the radiant heat reaching the fuel surface 
may be readily determined. 
Neglecting the reflectivity of the ftiel surface, the 
radiant heat reaching the fuel surface is partially used in vapor 
izing the fuel; some percentage of it is utilized in heating up 
the fuel, and a very small percentage of it is transmitted 
through the fuel to its surroundings* This heat distribution is 
determined by measuring the temperature profiles within the fuel, 
or else, it can be calculated quite accurately* Burning rates 
result from that heat balance* 
In Jigs. 2 and 3 some examples of burning rates and 
temperature distributions are shown. 
Heat balanoe 
A simple model for the energy balance of on open fire is 
given by the expression (Hg,1)s 
4 ;,»,.. i 
v 
~P (*0 ~ a W > ^ - ? ~ 4
 V • QK (1) 
in which m ^ qr is the heat released by chemical reaction 
(m = burning rate, Q = combustion efficiency and n = heat of 
is the increasement of combustion); M ( T0 - T^ ) 4* -r#-T 
stagnation enthalpy in the convection column (M = mass flow in 
the convection column^ 5?c = average temperature and V0 = average 
speed); Q is the radiant heat exchange between the fire and 
hoc 
its surrouhding, and Q_p is the radiant heat transferred from 
flame to the fuel. 
The value of Q ^ can be calculated according to the 
preceding paragraph* Q^^ will be measured by means of thermo-
- 7 -
piles and it can also be calculated from the data of flame tempe« 
rature, size, and ©missivity* Therefore, equation (t) gives the 
amount of energy imparted to the convection column, and from 
thes^ data it is expected to calculate approxinately convection 
colunn speeds. However, convection column temperatures and 
velocities will also be measured with the research facilities 
discussed in paragraph 3* 
Convection colurans 
Two basic problems are being studied in connection with 
convection columns. 
Motion and mixing including body forces of a hot gas 
stream in open air is being studied by means of an integral 
method similar to that used in boundary layer theory» This 
method does not hold for the initial stages of the mixing which 
are being studied through a perturbation method,, 
As a part of this program diffusion flames considering 
body forces are being studied. 
3* RESEARCH FACILITIES 
r. A research f a c i l i t y was prepared for studying open f i r e s , 
which i s represented i n F i g . ^ / £ 
The burner i s a cy l ind r i ca l open vesse l i n which the fuel 
i s kept a t a constant l e v e l by means of a small tank, where the 
fuel l e v e l i s mantained with a fffoaat and-needl-e system-aad-a. 
small overflow t u b e / ^ < * ^ ^ ^ c^t^r */&L V^/M 
Fuel i s supplied from a tank and fuel consumption i s 
measured by means of a constant pressure volumetric system. 
Several types of ves se l s were t e s t e d u n t i l a model was 
-8 -
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finally aelected* This vessel is represented in 3«lg#0 and it haa 
been constructed in several sizes. 
Fuel depth was chosen as a comproniao between opposite 
conditions* Largo anounts of fuel in the vessel make difficult \ 
the attainment of stationary conditions, because burning rates 
keep increasing for very long tine. On the other hand, snail 
depths of fuel nay originate important temperature gradients 
within the fuel, parallel to the fuel surface* 
Fuel temperature is measured by means of thpee thermo-
couples which can be set at different distances from the fuel 
surface* The heat flux transmitted from theVfuel may be 
determined by measuring the increment of the temperature of the 
cooling water which surrounds the fuel containerj or else, the 
water m^y be emptied in order to have a thermal insulation of air 
around the fuel• 
Vessels of 12*5, 25 and 4o cm in diameter have -aiready-
been constructed, a^ d-v^ s^-el^ s—e^ -J?£-a^  
cens4ru0ted* All of them have very narrow rims in order to 
minimize heat transfer from the flame to the fuel through the 
vessel^• 
Around and. above the vessel a stool frame was constructed 
where thermocouples and pressure probes can bo fixed. Static and 
stagnation, pressures are measured with Fbrthmann and Kiel probes 
by using micromanometers* 
/_ At first, the research facility was placed in an engine 
test stand, but there were some slight air drafts v/hich produced 
undesirable motion of the flame, difficulting considerably the 
measurements • 
Therefore, a tower of an engine test stand was specially 
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c o n d i t i o n e d f o r t ho s t u d y of open f i r e s « By means of a brick wal l 
and a s t e e l s c r e e n , t h e tower was i s o l a t e d ; and a roof with 
l a t e r a l h o l e s was a l s o c o n s t r u c t e d , A diagram of t he tower i s 
shown i n 3ft g»|>0and-a photograph-o^~tho^o-bs_eryation-window and 
G-entrol^-^anel^ls shown i n 
4 . MJEDS 
nsw, 21 
yTJ I Several types of fuel are used for studying open f i r e s . \ 
The purpose of using different fuels i s to study the influence on j 
t h e p r o c e s s of pa rame te r s such a s h e a t of combustion, h e a t of 
e v a p o r a t i o n , f lame l u m i n o s i t y ( soo t fo rmat ion) e t c * Gaso l ine , 
k e r o s e n e and e t h y l xtloohel. have a f c ^ ^ l y been tes ted , , a & f c s s s m s l ! 
oth^r^faQla--~war3rl be utJrlizo&o 
I t was v e r y d e s i r a b l e to have a :fuel i n which i t s 
p r o p e r t i e s could change i n a cont inuous form, s p e c i a l l y i t s h e a t 
of combustion, because i t would enab le to produce a con t i nous 
v a r i a t i o n of flame t empe ra tu r e„ The re fo re , a f u e l was sought 
which> could mix vd th w a t e r i n a l l p r o p o r t i o n s , but n o t forming 
and a&eot ropic mix tu re ( c o n s t a n t b o i l i n g t empe ra tu r e m i x t u r e ) . 
I t was a l s o r e q u i r e d t h a t t h e b o i l i n g p o i n t of t he f u e l was 
approx imate ly equa l to t h a t of t h e wa te r , i n o r d e r t h a t t h e 
mix tu re would keep t h e same composi t ion d u r i n g i t s e v a p o r a t i o n 
f o r combustion* 
Only a commercial p roduc t f u l f i l l i n g such r e q u i r e m e n t s 
was found: t h e e t h y l ene~dioxide (d ioxane) C^HgO^ o r : 
H2C CH2 
H:C OH,, 
v 
It has a boiling temperature of 10"!^ 0 and a density of 
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1,033 a t 2050. 
The fuel i s expensive (about 90 pesetas a kilogram ) , but 
i t offers spec ia l advantages for severa l types of s tud ies* 
In the f i r s t p lace , mixtures of 25 per cent water and 50$ 
dioxane were burned and analyzed a t d i f f e r e n t times* I t was 
found t h a t the i n i t i a l propor t ion dioxane-water was mantained 
practically constant during combustion. 
The heat of combustion of the dioxane was not found i n 
the l i t e r a t u r e * Therefore i t was determined a t the Chemistry 
Laboratory of the I n s t i t u t e giving the following va lues : 
100/100 Dioxane, a « 6,260 c a l / g r . 
Dioxane 4- 25$ water i n volume, q = 4,720 c a l / g r , 
Dioxane 4- 50$ water i n volume, q = 3,110 c a l / g r • 
Z r^om the" values of the heat of combustion, the temperatures and 
I equil ibrium compositions of s to ich iomet r i c mixtures with a i r a t 
Apj ambient pressure are being ca l cu la t ed . These ca lcu la t ions are 
being performed for the "'"tts©©© mixtures (0 , 25$ , 50$ of wa te r ) ; as 
such tempera ture^ are needed for comparing thes-e naxinun (peak) 
poss ib le ..values with the average experimental va lues measured i n 
HLO f l a n e s . ^ ^ ^ ^ ^ ^ ^ ^ ^ / , ^ W ^ v 3 w 
trning r a t e s for dioxane mixtures have already...been / / 
termined i n a ves/sel of 30 c n ^ n diameter, as well as temperatuH 
es within'^the l i q u i d . L(Figs. 8 and 9)*J Potographs of 
flames produced hy the th ree nixturesTyare shown~~in i l g , W* I t 
may be observed the di f ference i n length and luminosi ty of the 
three flames* [ 
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I I • TRANSPORT OF FIREBRANDS, 
5 . ANALYSIS OF THE PROBLEM 
The two-d imens iona l n o t i o n of a p a r t i c l e of n a s s n ( t h e 
f i r e b r a n d ) , which npves a t t h e a b s o l u t e v e l o c i t y V (x y t ) , 
w i t h i n a wind of v e l o c i t y u ( x y t ) i s g iven by t h e fo l lowing 
s y s t e n of d i f f e r e n t i a l e q u a t i o n s (x h o r i z o n t a l a x i s , y v e r t i c a l 
a x i s ) : 
& v x 1 O w v 1 
n — = ~L~ G A p w2 ~ — = 0- A P w wv (2 ) 
d t 2 ^ ' w v Z ) x 
dVv A p wv 1 
n £_ = — (i A p w^ — s - - ng = — 0^ A p w w,r - ng (3) d t 2 ^ I w 2 v * y 
In these equations w is the relative velocity of the 
wind with respect to the particle, w = | w | , and 
f = - ~ 0D A p w w (4) 
is the aerodynanLc force exerted on the particle, which acts in 
the direction of the relative velocity w of the particle, and 
ng is the weight* 0^ is the aerodynamic drag coefficient, 
A is the area of the naxinun cross section of the particle and 
p is the air density * 
For given wind conditions, i.e. for a known function 
u (xyt) and if the air density function P (xyt) is also 
given, syston (2), (3) CPJI bo integrated, once the values of 
the burning particle nass n , area A and aerodynamic drag 
coefficient are known as functions of the relative velocity w 
and tine t 
The functions; 
- t i -
ll « f (w , t) 
A =^/( w , t) (5) 
have to be determined experimentally by burning wood particles 
within an air strean of velocity w and neasuring the mass n , 
aerodynanic drag coefficient 0 and area A as functions of 
tine* 
6* RESEARCH FACILITIES 
The range of air velocities in.the research facility had 
to be comprised fron very snail velocities (a few cn/sec) up to 
velocities of the order of the linit velocity of a wood particle 
in a free fall through the atmosphere. These linit velocities 
depend considerably on the weight and shape of the particle. For 
the sphere, which is a body—shape giving a naxinun value for the 
linit velocity in a free fall ^ , such velocities are of the 
order of 15 n/soc for spheres of wood of about 15 nn in dianeter 
and for an air density corresponding to its standard value at 
sea level. 
For such range of air velocities, and taking into 
account that very snail values of the air velocities would have 
to bo utilized, it was consideredt he best solution, for snail 
particles, to use snail aspiration wind tunnel, of which some, 
parts were already available. The tunnel was designed and 
constructed, and it is shown in Fig.11. 
In this tunnel the air is aspirated by neans of a snail 
centrifugal blower; and a very good control of the air velocity 
In a free fall, a particle of wood takes the position of 
naxinun drag, which is the position of naxinun stability. 
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at the testing section is achieved by means of a throttle and two 
air intakes placed close to the blower, whose area nay be varied. 
Air prossuro is neasured. by neans of a nicronanoneter at 
the throat section of a Venturi disposed close to the testing 
section. The area of that throat is 1/4 of the area of the 
testing section and with this arrangement air velocities aa 
snail as 20 cm/sec nay be neasured. 
Aorodynardc drag and weight of the particle will be 
neasured with a two~components strain-gauges balance and a very 
sensitive pen recorder (micrograph). The micrograph has not yet 
been received, and in the neantine an ordinary balance is being 
used, as it is shown in the figure* 
]?or testing large firebrands, a rotary arms facility was 
considered the best solution. The firebrands are placed at the 
tip of a long arm which rotates at low speed, driven through a 
worn gear by a D.C. electric notor. (Pigs. 12 and 13). Aerodynamic 
drag of the arms are avoided by disposing fairings; and the 
weight and aerodynamic drag of the firebrand are measured by 
means of a two components strain-gauges balance. Signals from 
the strain-gauges are transmitted through copper rings and silver 
brushes to the same pen recorder (micrograph), which will also be 
used for the small aspiration wind tunnel. 
In a research facility of this kind very snail and very 
atoady air velocities acting on the pa,rticles nay be obtained, 
and tho range of circunferential speeds of the rotary tubes is 
fron almost 0 up to 20 m/sec. 
7. EXPERIMENTAL RESULTS 
Aside of the air speed, four parameters can be selected 
for testing burning wood particles;- particle shape, particle 
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size, kind of wood, and moisture content* 
In the first part of the investigation particles, or 
pieces of wood, with definite geometrical shapes will be tested, 
such as spheres, cylinders, rectangular plates; etc* in order to 
make easier the analytical study of the transport of firebrands. 
Afterwards, natural pieces of wood (twigs) as well as pieces of 
bark, bracts fron pine cones, acorns, etc. will be tested» 
Spherical shapes.were selected in the first place* [This 
shape is not common in natural firehrands? but it was selected 
because it is an extreme case in which the aerodynamic limit 
speed is maximum but at the same time the burning time or life 
time of the particle is also a maximuru 
Spheres from very small diameter up to values of the 
order of 20 mm* are being tested* 
Until now, only pinus pinaster wood has been utilized* 
Several kinds of woods will, be tested and, when possible, american 
species. Two values of the moisture content have so far been 
selected, a large value (25$) and a very small value (2$)* 
The research program using spherical firebrands is not yet 
finished, but a great number of results have already been obtained 
by utilizing the small vdnd tunnel. 
Some of these results will be shown, pointing out the 
more significant facts about them* 
ffirebrands weight 
Examples of typical laws of variation of particle weight 
as a function of time are shown in Eigs* 14 , 15 and 16. 
In Iig.14 the initial diameter of the spheres has been 
- t-5 -
taken as a paranoter. The curves have been obtained for a snail 
value of the air velocity* It nay be seen that, for low speeds, 
there are two well definite conbustion regimes* Branch AB of 
the curve corresponds to flaming and in this regine the weight 
decreases rapidly with tine. At a certain tine B the flane 
. disappears and it starts a- longer period, BC ,of glowing in which 
the sphere weight decreases slowly. 
/ 
For very low air speeds the flane surrounds the sphere. 
For low or nediun values of the air speed the flane is of the 
wake type , that is, it only takes place at the downstrean side 
of the sphere, and for large velocities there is no flaning, 
although there is a conbustion of tho glowing type if the sphere 
is at first partially burned by means of a pilot flane. The 
i tine during which such pilot flane is nantained (which will be 
called ignition tine) nay be arbitrary. However, this ignition 
tine has been fixed as the tine v^ hich produces longer lifetines 
once the pilot flane is removed* 
Fig.15 shows tho influence of air speed. For large w 
values only a conbustion regine exists (glowing),bu"fc^ with ^Gefcteid-e^  
rably higher burning rates than those obtained for the glowing 
period at low speeds. 
Finally, Fig.16 shows the influence of noisture content. 
It nay be seen that it exports, at low speeds, little 
influence on the process. 
ffirebrand drag 
A series of experiments, were carried out in order to 
determine the possible effect of the flame on the drag coefficient 
Transition fron one type of flane to the other depends, 
essentially, on the Reynolds nunber. ' , 
- 16 -
of the sphere . As a r e s u l t of these experiments i t was found 
t ha t the inf luence of the flame on the drag coef f ic ien t could be 
neglec ted . H g u r e 17 shows the, drag coef f ic ien t of a t y p i c a l 
sphere as obtained from the experiments• We could a lso p l o t CTJ 
as a function of the Reynolds number of the sphere* In the region 
of i n t e r e s t , G-Q may be taken as constant equal to 0 .47 . 
In f i g . 1 8 , the measured drag of a burning p a r t i c l e as 
well as i t s diameter, obtained by making photographs of the 
p a r t i c l e , a re shown as a function of time* 3<lg. 19, i n tu rn , 
shows two photographs of a burning p a r t i c l e i n the flaming and 
glowing periods* 
8* ffLIGHT PATftS 
From the experimental data of the preceding paragraph the 
f l i g h t paths and l i f e t imes along the t r a j e c t o r i e s can be 
ca lcula ted for given wind cond i t ions . 
Through r e l a t i ons 
V = u - w (6) 
equations (2) and (3) a re transformed in to the system: 
dWx
 4 JJjLl. w W = dU* (?) 
dt 2 m dt 
dwY o 0-n A du^ 
™JL_ 4 _ J — .
 w w = g i _JL_ (8) 
dt 2m y dt 
This system of d i f f e r e n t i a l equations i s not l i n e a r and i t s 
so lu t ion i s complicated. Numerical so lu t ions a re f ea s ib l e through 
Adams method s t a r t i n g from given i n i t i a l condit ions and with the 
experimental va lues of CL, (w , t ) , A (w , t ) and m (w-, t ) • 
These numerical so lu t ions wi l l be obtained and r e s u l t s w i l l be 
«•»• If ••» 
compared to those obtained by means of the approximated 
analytical method which is described in tho next paragraph. 
Approximated analytical method 
Taking a mean experimental value of parameter, 
I P °D A 
o £ ~ ..;,.„•,„ = constant
 f (9) 
an approximate solution of tho problem is obtained• 
Let assume that wind conditions are thoae shown in ELg. 
20. .$hese conditions correspond to a constant vertical 
component of the wind over a certain area (convection zone) 
superposed to a constant speed horizontal wind. 
Therefore, we have; 
ux = constant 
u I constant > 0 for x < ft 4 y —2L («jo) 
uy 
u « 0 for x > ft + y — 2 -
y u 
y 
Equations (7) and (8) are now as, follows: 
i dwx 
_ - + O C w P £ - 0 (11) 
dw v 
— ™ J.OC w w^ r = g (12) 
dt y 
By moans of tho following change of variables 
z = ~ £ - (t3.) 
wx 
it resuls: 
dz .
 s 
w e g (14) 
x
 dt 
- 18-
a2^ 
d t 2 = oC g — 
wx 
w. 
\/iT z 
The i n t e g r a t i o n of eq. 15 g ives : ^ * 
/ 
-L Z ^ 
(15) 
dz \ I wxi 
= o(.g - i ~ ; <p (a) + 0] 
dt w. X 
(16) 
where: 
i) (a) = z y^l + z 2 ' + In (z + \ / l + a2) (17) 
The constant 0 i s obtained through eq, 14, which takes the form: 
lwxf r g 
= cAg 
w. X 
<J(z) + 0 (1.8) 
Bq* 16 is integrated again, thus obtaining: 
t = c* 
L 
g 
W-X 
w X J 
f
 1 (*.<» (19) 
in which y i (z , C) iss 
ra 
% (Z,c) = / 
dz 
4 C 
(20) 
Once the function t = f (z) has been obtained, the flight 
path of a particle is obtained as follows: 
w. 
dx as u^dt - wxdt == u.j 
x 
1 Jfe da 
C5C |wx | «f>(z) + 0 (21) 
w 
dy a= u v d t - wvdt at u d t — 
X z da 
r w Yyy y <* (wx| $ ( z ) 4* 0 (22) 
The i n t e g r a t i o n of these equations g ives : 
- 19 -
1 % (23) 
where: 
y-y 0 = u y t -
^ w 
X 
•z 
fj, (2,0) = dz 
a. 
$> (z) +• 0 
(24) 
(25) 
z 
V3 (z,C) = z dz 
Zo |>(z) + G 
Boundary conditions are as follows: 
Z = Z as •*•• 
XO 
t S3- 0 "i x = X 
(26) 
(27) 
. y = y 0 
Equations (19), (23) and (24) with boundary conditions (27) give 
the solution of the problem* 
Several numorioal applications have been performed, and 
an example is. shown in Hgs. 21 and 22. 
The main conclusion of these calculations is that for 
normal values of the parameter C& the relative velocity component 
wy tends rapidly towards its asymptotic limiting value: 
limit T 
Also, wx tends rapidly towards zero, and therefore, the variable 
z takes rapidly a very large value. 
20 ~ 
This permits a fu r the r approximation i n the so lu t ion of 
the problem. The s e r i e s expansion of function d5 (z) + 0 g i v e s : 
<f (z) 4- 0 = z2 | 1 r* * o . . ) 4- In z * I n / 2 4- - 4- . . 
2 z^ / I 2 z ^ 
Considering the very large value of z * we may write: 
<£>(z) •* + 0« z1 
Equations (20) , (25) and (26) gives 
(30) 
Y^  (a, 0) = f (z, 0) - i n - (31) 
f9 (a.0) = -
z Q Z 
and equation (18) gives 
w = 
y 
LW1J 
limit 
(32) 
(33) 
Introducing (31) and (32) into (23) and (24) it results 
for the flight paths 
"x 
X — X-. = U t *•* —«—E3S®ssr» 
0 x
 V^g 
1 - ozp. (- Vag t) 
y - y0 = Uy -
(34) 
(35) 
In Mgc23 severa l examples of f l i g h t paths are represented 
obtained through t h i s approximate method. 
The following s i gn i f i c an t values are ea s i l y obtained from 
the above wr i t t en equations?; 
ftfeximum height of the f l i g h t path, which i s the point a t which the 
- 21 -
firebrand leaves the convection column, is given by: 
ymax = ^o + K - ]/-§r) *c (36) 
i n which t c i s the climbing time given by: 
GX-P ( - \ / a g t<?) + *„ = v*& (37) 
v
 ° u v o u
 f 
flflaximum reaoh and t o t a l f l i g h t time 
The maximum dis tance reached by a f i rebrand i s given by: 
Smax^ ^ S f ^ J ^ " I 1 ~ e X p ( - ^ g ttf) ( 3 8 ) J 
in which *b. ~ is total flight time given by: 
exp —• — — TM-.pj4* g — — — — — x = — — * 1 vjy; 
\ uy ,/
 v 2 t f % 
"y 
Typical values of y , x and 1: are given in 
* max y max tf 
RLgs» 24 and 25c 
Total flight times t^£ have to be compared with burning 
times (lifetimes), because the only dangerous firebrands are 
those reaching the groundwj&ben they are still burning* 
lifetimes are deduced from the experimental data consider-
ing the relative velocities along the flight path. However, as 
seen from the above solution, little error is introduced by 
computing such time by assuming that the firebrand is always 
flying at its vertical limit velocity and with a horizontal 
velocity equal to that of the wind* 
A methodical series of experiments and studies are being 
performed with spherical firebrands for determining the most 
22 -
dangerous firebrands and wind oonditlons, that la to say, 
oonditlons for which the horizontal distance reached by a 
burning firebrand is a maximuia. It ia also intended to study 
the influence of the air temperature on the burning time of 
firebrands* 
These studies will be repeated with different kind of 
wood and results will be published in a future Report, 
Madrid, June, 1962. 
Carlos Sanchez Tarifa 
Principal Investigator 
Rafael Galvo Rodes 
General Director of the Institute 
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N O T A T I O N 
A Area of maximum c ros s s e c t i o n 
0 Cons tan t a p p e a r i n g i n (-f7 ) 
C-p Drag c o e f f i c i e n t , de f ined i n (4) 
c Mean c o n s t a n t p r e s s u r e s p e c i f i c h e a t 
g G r a v i t a t i o n a l c o n s t a n t 
1 Width of t h e convec t ion column 
M Mass flow r a t e i n t h e convec t ion colunn 
n Jiuel bu rn ing r a t e 
n F i r e b r a n d mass 
Q-j2£ Radiant h e a t exchange f l a n e to f u e l 
^co Rad ian t h e a t exchange f l a n e t o su r round ings 
q r Fuel h e a t of combustion 
Tc Average t e m p e r a t u r e i n the convec t ion column 
Too Ambient t e m p e r a t u r e 
t Time 
t Climbing time corresponding to y 
t-fcf Total flight time 
u Wind velocity 
V Hrebrand absolute velocity 
w Wind relative velocity with respect to the firebrand 
x Horizontal coordinate 
xr,ax Maximum distance reached by the firebrand 
y Vertical coordinate 
y n a x Height at which the firebrand leaves the convection column; 
approximately, maximum height of the flight path, 
z Defined by relation (13) 
oc Dimensional parameter defined by (9) 
n Oombustion efficiency 
p Air density 
<p Defined by (17) 
Subscripts 
o Indicates initial values 
x , y Indicate x and y axis direction. 
e= 
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OBSERVATION WINDOW AND CONTROL PANEL OF THE OPEN 
FIRE RESEARCH FACIL ITY 
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FUEL TEMPERATURE DISTRIBUTION 
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FIG. 13 
ROTARY ARMS FACILITY FOR TESTING FIREBRANDS 
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